Background {#Sec1}
==========

Primary neoplasia is treatable, but metastasis pose a major threat to cancer patients. It is very important to understand the mechanism of metastases, especially to cure advanced cancers. Growing evidences suggest that the process that aids in the progression toward invasive and metastatic cancer is associated with the reactivation of an embryonic development program, epithelial-to-mesenchymal-transition (EMT) \[[@CR1]\]. It is a complex process that regulates changes in cell morphology and mechanical properties of the cells. Modulation of elastic properties of cells during transition allows the cells to detach from their neighbours and the underlying basement membrane to facilitate their easy migration and invasion during metastasis \[[@CR2]\]. During the process of tumor progression, a small fraction of cancer cells acquires self-renewal potential like stem cells and are referred as cancer stem cell (CSC). A reciprocal relationship between CSC and EMT might have a role in tumor progression. EMT is critical for acquisition of invasive behaviour and CSC properties, therefore effective therapies can be developed against metastatic cells via interference with the CSC/EMT differentiation program.

The association of carcinogenesis with organ transplantation is found to be complicated. CsA, an immunosuppressive agent is used during the organ transplant has been linked for cancer progression by cell autonomous mechanism \[[@CR3]\]. There is increasing evidence that immunosuppressive agents like CsA may have unique oncogenic profiles \[[@CR4]\]. A recent case study has shown that cyclosporine treatment to a psoriasis patient, led to multiple metastases \[[@CR5]\]. CsA has also been shown to induce phenotypic changes in keratinocytes that can increase cell invasiveness and unregulated tumor growth \[[@CR6]\]. CsA has also been associated with the promotion and stimulation of cellular proliferation in normal human fibroblasts \[[@CR7]\]. However, the precise mechanism underlying the tumorigenic effect of CsA remains largely obscure though CsA is known to increase the level of TGF-β which is strongly involved in the regulation of EMT in cancer \[[@CR8]\]. Higher production of TGF-β is positively associated with tumor aggressiveness and poor prognosis \[[@CR9], [@CR10]\]. However, there is no direct evidence that CsA may induce malignancy or cause increase in invasiveness or CSC-like phenotype. We designed our study on A-498 cells which is considered a "classical" clear cell renal carcinoma line with VHL mutation belonging to the NCI-60 panel. Clear cell carcinoma is the most prevalent subtype of RCC and is therefore widely used in cancer research. In this study, we observed that CsA could cause EMT in A498 cells leading to morphological change, increased invasiveness and stem cell-like phenotype. Thus, it is important to consider the possibility of malignant transformation during treatment planning in patients. The results of our study indicate that EMT plays a role in metastatic progression, drug resistance during RCC and targeting EMT may represent an effective strategy to combat the disease.

Materials and methods {#Sec2}
=====================

Cell culture {#Sec3}
------------

In-vitro studies were done with A498 cell line obtained from NCCS, Pune, India and grown in the DMEM-high glucose (Dulbecco's modified eagle's medium) containing 10% FBS (Fetal Bovine Serum) and antibiotics (pen-strep, 1U/ml) at 37 °C at 5% CO~2~ in humidified incubator. Cyclosporine-A was obtained from Sigma Aldrich (USA).

In vitro induction of EMT {#Sec4}
-------------------------

5 × 10^4^ cells were seeded per well of 12-well plates and allowed to grow overnight. Next day, these cells were incubated with TGF-β (5 ng/ml) or CsA (10 μM) separately for another 48 h in the DMEM containing 10% FBS.

Light microscopy {#Sec5}
----------------

The morphological changes due to EMT induction were confirmed by observing under bright field microscope (Nikon).

Atomic force microscopy {#Sec6}
-----------------------

A multimode 8 atomic force microscopy (AFM) system (Bruker AXS) was used to image the control and treated cells and perform mechanical measurements on them. A large scanner having a maximum x--y scan range of 125 × 125 µm and a z-limit of 5 µm was employed to scan the surface. Measurements were done in tapping mode using a cantilever tip (SCANASYST-AIR) having a force constant of 0.4 N/m, prior to measurements, the cantilever was calibrated using the thermal vibration method. DMT modulus was calculated by using the load force and adhesion data. The reduced Young's modulus (E) in this model was obtained by fitting the retract curve according to the equation $\documentclass[12pt]{minimal}
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Staining with acridine orange (AO) {#Sec7}
----------------------------------

A498 cells (4 × 10^3^/well) were treated with CsA for 48 h. After treatment, live cells were washed with PBS and stained with AO (1 µg/ml) for 15 min. Cells were again washed in PBS and visualized using Fluorescent microscope (Olympus 1X51) under excitation and emission wavelengths of 488/532 nm.

Immunocytochemistry {#Sec8}
-------------------

Cells were grown on cover slips, fixed with 4% paraformaldehyde for 15 min and permeabilized with 0.2% Triton X-100/PBS. The cells were then incubated at 37 °C with primary antibodies for cytokeratin (Dako, 1:200), vimentin (Dako, 1:100), E-cadherin (Dako, 1:100) for 1 h followed by horse radish peroxidase-conjugated secondary antibodies (Dako Envision) for 45 min at room temperature. Color was developed by adding HRP substrate, 3′3-diaminobenzidine and cells were counterstained with hematoxylin. The cells were observed under the light microscope (Leica DM 2500).

For immunofluorescence study, the cells were incubated with the human EMT 3-color immunocytochemistry kit (SC026) as per manufacturer's instructions and observed under confocal microscope (Olympus). Images were acquired using FV1000 software at-10× and 20× magnification.

Real time polymerase chain reaction (PCR) {#Sec9}
-----------------------------------------

Total RNA was isolated from the cells using Trizol reagent (Invitrogen) and reverse-transcribed using cDNA synthesis kit (Bio-Rad) per manufacturer's protocol. Real-time PCR analysis was performed on a Roche real-time PCR system using the Power SYBR Green PCR Master Mix (Roche, Foster City, CA). The expression value of each gene was normalized against the amount of β-actin and calculated by the ΔΔC~t~ method. Details of the primer sequence are given in Table [1](#Tab1){ref-type="table"}.Table 1The list of primers used for Real time PCR studiesS. noGene nameSequence1β-ActinF 5′CAAGAGATGGCCACGGCTGCT3′\
R 5′TCCTTCTGCATCCTGTCGGCA3′2VimentinF 5′TCTACGAGGAGGAGATGCGG3′\
R 5′GGTCAAGACGTGCCAGAGAC3′3SnailF 5′GAAAGGCCTTCAACTGCAAA3′\
R 5′TGACATCTGAGTGGGTCTGG3′4SlugF5′ATTCGGACCCACACATTACCTTG3′\
R5′TGGAGAAGGTTTTGGAGCAGTTT3′5TwistF5′TGAGCAAGATTCAGACCCTCA3′\
R 5′ATCCTCCAGACCGAGAAGG3′6ABCG2F5′-CTGAGATCCTGAGCCTTTGG-3′\
R5′-TGCCCATCACAACATCATCT-3′7MDR2F5′-GCCTGGCAGCTGGAAGACAAATAC-3′\
R5′-ATGGCCAAAATCACAAGGGTTAGC-3′

Migration and transwell invasion assay {#Sec10}
--------------------------------------

The cells were cultured up to 80--90% confluency and scratched with a pipette tip to create a uniform wound. Migratory ability of the cells was evaluated from the time taken in filling the open space created by scratch under inverted microscope. The wound area closure was calculated using the T-Scratch software developed by the Koumoutsakos group, Zurich \[[@CR11]\].

For invasion assay, Matrigel™ (BD Biosciences, 1 mg/ml) was added to 24 well cell culture inserts (8 µm). Cells were seeded on the upper chamber of the inserts in serum free media. Media containing 10% FBS was added in the lower chamber and incubated for 48 h at 37 °C in a humidified 5% CO~2~ incubator. The migratory cells present on the lower surface were stained with 0.1% crystal violet and photographed.

Colony formation assay {#Sec11}
----------------------

Single cell suspensions (1000 cells/well) were seeded on 6 well tissue culture plate in DMEM containing 10% FBS without any additional coating \[[@CR12]\]. After 14 days of culture, the colonies were washed with phosphate buffer saline (PBS), fixed in methanol, and stained with 0.1% crystal violet. The stained colonies were observed under the microscope and photographed.

Tumorisphere assay {#Sec12}
------------------

Cells treated with and without cyclosporine (CsA) were cultured using DMEM-Ham's F12 (1:1; Sigma) containing bFGF (basic fibroblast growth factor; 10 ng/ml), B27 (0.5%), EGF and 0.4% bovine serum albumin (BSA). These cells could grow for 7 days in low adherence plates (six well, Corning). Photography was done after 7 days to observe the tumorisphere formation ability of cells in presence or absence of CsA.

Differentiation assays {#Sec13}
----------------------

The control and CsA treated cells were induced for differentiation to osteogenic, adipogenic and neural lineage using suitable differentiation media.

For osteogenic differentiation, cells were incubated in alpha-minimal essential medium (α-MEM) complete medium (CM), supplemented with 0.01 mM dexamethasone disodium phosphate, 1.8 mM monopotassium phosphate (KH~2~PO~4~) and 5 mM β-glycerophosphate. Media was changed every 3rd day. At the end of 21st day, the cells were stained with 1% Alizarin Red S (AR-S) for osteogenic differentiation.

For adipogenic differentiation, cells were exposed to adipogenic media made of αMEM containing isobutyl-methylxanthine (IBMX, 0.5 mM), dexamethasone (1 μM), insulin (10 μM), and indomethacin (200 μM). At the end of 21st day, the cells were subjected to oil red O staining for the presence of intracellular lipid droplets.

For neural differentiation, cells were incubated in neurobasal medium (Life technologies) pen/strep (1%), supplemented with B27, 20 ng/ml bFGF and EGF, N2 and G5 supplement. After 21st day, cells were fixed and incubated with anti-human neurofilament antibody (NFM, 1:50) (Sigma Aldrich), followed by FITC labelled secondary antibody (Sigma) and observed under fluorescence microscope (Nikon).

For hepatic differentiation, cells were incubated in αMEM containing ITS + (Invitrogen, 50 mg/ml) premix, EGF (epidermal growth factor; Invitrogen, 2 ng/ml), dexamethasone (0.5 μM) and HGF (hepatocyte growth factor, Sigma, 20 ng/ml) during induction phase (14 days). The maturation medium contained supplements like Oncostatin M (Sigma, 20 ng/ml), ITS and dexamethasone. Analysis of hepatocytes was done by low density lipoprotein assay kit (LDL assay kit-Abcam) as per instructions provided with kit. Fluorescent markers used in the kit include DyLight™ 550 and LDL receptor antibody-for LDL uptake and receptor distribution in the cells respectively.

Statistical analysis {#Sec14}
--------------------

All experiments were performed at least in triplicates and were repeated three times. Data was reported as mean ± SD. All statistical analyses were performed using one-way ANOVA and paired t test.

Results {#Sec15}
=======

Induction of EMT in vitro {#Sec16}
-------------------------

A498 cells were treated with CsA (10 μM)/TGF-β (5 ng/ml) in separate set of experiments and morphological changes were observed at 48 h. Light microscopy images showed disruption of cell to cell junctions and distinct change to spindle shaped morphology in the cells post CsA/TGF-β treatment (Fig. [1](#Fig1){ref-type="fig"}a, b). The Additional file [1](#MOESM1){ref-type="media"}: Fig. S1 show that cells progressively acquire the spindle shaped morphology on CsA treatment. Acridine orange staining post 48 h of CsA treatment in A498 cells showed fibroblast like cell shape when observed under fluorescence microscope (Fig. [1](#Fig1){ref-type="fig"}a). A significant increase in the average cell size was observed after exposing the cells to CsA as calculated by NIS elements software of the Nikon microscope (Fig. [1](#Fig1){ref-type="fig"}c). A significant increase in the average cell size was again observed after exposing the cells to TGF-β as calculated by ImageJ software. (Figure [1](#Fig1){ref-type="fig"}d).Fig. 1Morphological change in A498 cells. **a** Light microscopy images of A498 cells treated with CsA (10 µM) for 48 h. Magnification ×10. Scale bar---20 µm. Upper panel---bright field images of A498 cell morphology with or without CsA treatment. Lower panel---CsA treated A498 cells, stained with acridine orange and visualized under fluorescent microscope in a blue filter. Magnification---×10, ×20. **b** Change in cell shape with TGF-β treatment: A498 cells were treated with or without TGF-β (5 ng/ml) for 48 h. Bright field images showing change in morphology after treatment and cells acquire spindle shaped morphology. Magnification: ×10 and ×20. **c** Graphical representation of average cell size in control and CsA treated A498 cells. Statistical comparison represents average cell size in minimum 10 fields. Data is represented as mean ± SD. P value \*\< 0.05, \*\*\< 0. **d** Bar diagram showing comparison between average area of the cells with and without TGF-β treatment. Area of at least 20 cells were measured by using ImageJ software. Data is represented as mean ± SD. P value \*\*\*\< 0.0001. **e** Atomic force microscopy images of A498 cells treated with or without TGF-β (5 ng/ml) for 48 h. Young modulus was calculated at different points (blue dots) on the surface of the cell

To further confirm the biophysical changes in cellular characteristics after EMT induction, we employed atomic force microscopy (AFM) in both control and treated cells. The topography and modulus images obtained are shown in Fig. [1](#Fig1){ref-type="fig"}e for the control as well as the treated samples. Topography images clearly indicate that the treated cells become elongated as compared to the control ones. The increase in size of the treated cells in the longitudinal direction was about four times as compared to the control cells. DMT modulus values were extracted from the shaded regions in the modulus images. Corresponding regions are shown as shaded regions in the topography images. Average moduli of the regions were calculated for both the samples. It was found that the modulus of treated cells is less than 25% of that of the control cells.

Increase in expression of mesenchymal genes in EMT induced cells {#Sec17}
----------------------------------------------------------------

CsA treated A498 cells showed significantly higher expression of EMT regulators like snail, slug, twist as well as vimentin (2.5- to fourfold) (Fig. [2](#Fig2){ref-type="fig"}a). We observed that the ABC transporter, ABCG2 and multidrug resistance gene, MDR1 were also upregulated to a significant level (Fig. [2](#Fig2){ref-type="fig"}a). Immunocytochemistry results showed that expression of epithelial markers like E-cadherin and pan-cytokeratin decreased in cells treated with CsA with concomitant rise in the expression of vimentin and α-SMA (Fig. [2](#Fig2){ref-type="fig"}b). The EMT signature was also confirmed through immunofluorescence analysis where a higher expression of vimentin and snail were observed in both TGF-β and CsA treated cells (Fig. [3](#Fig3){ref-type="fig"}a, b).Fig. 2Expression of mesenchymal phenotype and chemoresistance genes in A498 cell line. **a** Cells were treated with CsA and analysed for the expression of various genes (vimentin, snail, slug, twist, ABCG2 and MDR2) evaluated with real time quantitative PCR. **b** Light microscopic images show decreased expression of both pan-cytokeratin and E-cadherin and increased expression of vimentin in cells treated with CsA (10 µM). The cells without treatment were taken as control cells. Magnification---×20 Fig. 3EMT induced cells show high expression of mesenchymal markers: **a** confocal microscopic images show increase in expression of vimentin and snail in CsA (10 µM) treated cells. The cells without treatment were taken as control cells. Magnification---×20, scale bar---60 µm. **b** EMT induced with TGF-β show high expression of mesenchymal markers in A498 cells. Confocal microscopic images show the expression of vimentin and snail. There was an increase in the expression of snail (red) and vimentin (green) in cells treated with TGF-β (5 ng/ml). Magnification---×20. The mean fluorescence intensities in control and treated cells are represented graphically

Metastatic potential of EMT induced cell A498 cells {#Sec18}
---------------------------------------------------

Metastasis is characterized by increased invasiveness and migratory ability, so we further analysed whether the CsA and TGF-β treated cells acquired invasive behaviour associated with metastatic cells. Maximum cell migration was observed after 24 h treatment at 10 µM concentration of CsA. Quantification of the open wound area showed that cells treated with CsA migrated faster from both edges of the scratch and filled the gap area in lesser time compared to the control cells (Fig. [4](#Fig4){ref-type="fig"}a, b). The Matrigel invasion assay showed that CsA and TGF-β treatment significantly increased the ability of cells to degrade the Matrigel and invade to the opposite side. Crystal violet staining on the lower surface of the *polyethylene terephthalate (PET)* membrane showed higher number of invaded cells following CsA and TGF-β treatment (Fig. [5](#Fig5){ref-type="fig"}a). Both CsA and TGF-β treated cells showed higher proliferative capacity as confirmed by the colony formation assay (Fig. [5](#Fig5){ref-type="fig"}b).Fig. 4EMT induced cells are more migratory. **a** The migration ability of CsA treated A498 cells and control untreated cells were measured by wound healing assay after 6 and 24 h of wound induction in a 12 well plate. Photos were taken at 0, 6 and 24 h. Magnification---×4. **b** The healing rate was quantified by measurement of the gap size with the T-scratch assay software (open software at <http://www.cse-lab.ethz.ch/>) Fig. 5EMT induced cells are more invasive and have high colony forming ability. **a** Transwell invasion assay. 1 × 10^5^ cells were seeded on Matrigel coated inserts. Cells invaded to lower chamber in the absence or presence of CsA or TGF-β were fixed, stained and photographed under bright field microscope (Leica). Magnification---×20. The data is represented graphical alongside. **b** EMT induced cells show higher colony forming ability. Both CsA treated and TGF-β treated cells formed more colonies in comparison to untreated cells. The average number of colonies are shown graphically

Stem cell like properties in EMT induced cells {#Sec19}
----------------------------------------------

We checked the expression of pluripotency markers Oct-4 and KLF4 in the EMT induced cells and found significant increase in their expression (Fig. [6](#Fig6){ref-type="fig"}a, b, d). EMT undergoing cells also showed increased tendency to form tumor-like spheres on non-adherent surface as compared to control cells (Fig. [6](#Fig6){ref-type="fig"}c). Multilineage differentiation potential is a unique feature of pluripotent cells that we confirmed by inducing osteogenic, adipogenic, neural and hepatic differentiation under appropriate stimuli. Neurofilaments which are the characteristic feature of the neuronal cells were found to be expressed in EMT induced cells exposed to neural differentiation media while its expression was almost negligible in bulk A498 cells. Hepatogenic differentiation ability was analysed in cells cultured in hepatogenic differentiation media for 28 days. Accumulation of low density lipo-proteins (LDL) indicated the characteristic feature of hepatocytes. LDL uptake assay using fluorescent labelled antibodies showed higher expression of LDL receptor on EMT induced cells after 28 days. Osteogenic differentiation was confirmed by Alizarin red staining of calcium granules which was higher in EMT induced cells compared to bulk tumor cell population. Adipogenic differentiation was observed with oil red o stain and no significant change in deposition of oil droplets was observed between EMT induced cells and control cells (Fig. [7](#Fig7){ref-type="fig"}a). We also observed an increase in density and average size of neurospheres on day 7 in the plate containing EMT induced cells (Fig. [7](#Fig7){ref-type="fig"}b, c).Fig. 6EMT induced cells acquire stem cell-like phenotype: **a** immunofluorescence show expression of the marker for pluripotency i.e. Oct-4 in CsA (10 µM) treated A498 cells. Magnification ×10. Scale bar---20 µm. **b** Agarose gel electrophoresis (2%) showing expression of the stemness gene KLF4 in A498 cells with or without the treatment of CsA (8, 10 μM) and β-actin was used as housekeeping gene. **c** Tumorisphere formation assay: Bright field image showing tumorisphere formation by CsA treated cells grown on non-adherent surface in serum free media. Magnification ×10. **d** Graph showing the KLF4 expression in control and CsA treated A498 cells (8, 10 μM) done by densitometry Fig. 7EMT induced cells differentiate into different lineages **a** Neural differentiation on day 21 of CsA-treated (CsA+) and control cells (CsA−). Immunostaining was done with neurofilament as primary antibody (1:50). Magnification 20X. Second panel shows hepatic differentiation on day 28 which was confirmed by LDL uptake. Green color (LDL-Dylight 488) is showing the distribution pattern for LDL receptor on cells while LDL uptake by these cells is shown by red color (LDL-Dylight 549). Magnification 20X. Third panel shows osteogenic differentiation with alizarin red staining of mineralized granules on day 21 of differentiation. Fourth panel shows adipogenic differentiation with oil red O stained lipid droplets in cells, 21 days post-differentiation. Magnification ×10. Scale bar---100 µm). **b** Neurosphere assay in both control (CsA−) and CsA-treated (CsA+) cells at day 1 and day 7. Larger neurospheres can be observed in CsA-treated cells as compared to control cells on day 7. Scale bar---100 µm. Magnified image of day 7 neurospheres are shown on extreme right. Magnification ×20. Scale bar---10 µm. **c** Bar diagram showing comparative analysis of neurosphere area between control (CsA−) and CsA treated (CsA+) cells. \*\*P \< 0.001

Discussion {#Sec20}
==========

Epithelial--mesenchymal transition (EMT) is an important process during initiation and progression of the metastatic cascade. EMT pathway can have therapeutic implications in cancer treatment. The tendency to metastasize and resistance to chemotherapy is the main cause of low survival in most of the malignancies including RCC. It was recently hypothesized that drug resistance, disease progression, and recurrence are mediated by stem cell-like cancer cells also referred to as cancer stem cells/tumor-initiating cells (CSCs/TICs) \[[@CR13], [@CR14]\]. The phenotypic plasticity displayed by CSCs may arise in the process of and/or undergo EMT. Isolating the CSC population in each tumor type is a major challenge due to its small subpopulation. CD 105 was identified as a biomarker for renal CSCs \[[@CR15]\] and another study suggested that it can also serve as a functional target for therapeutic intervention \[[@CR16]\]. Subsequent gene profiling and pathway analysis of CD105 high cells showed high activation of TGF-beta in these cells \[[@CR17]\]. TGF beta is an inducer of EMT and promotes tumorigenesis and metastasis by EMT \[[@CR18]--[@CR20]\]. Previously, it was demonstrated that exposure to a clinically relevant dose of the immunosuppressant agent CsA, led to an EMT in human proximal tubular cells through TGF-β \[[@CR21]\]. In this context, we pharmacologically induced EMT in RCC cell line A498 with CsA and TGF-β. We observed that the biological behaviour of TGF-β and CsA treated cells were consistent with that of mesenchymal cells, including a change in morphological features, lower adhesion and higher in vitro migratory capacity. The treatment caused higher expression of EMT regulators like snail, slug, twist as well as vimentin along with deceased expression of E cadherin. These modulations in cellular phenotype cause increased motility, invasiveness and resistance to apoptosis of cancer cells \[[@CR22]\]. There is loss of E cadherin protein during EMT to occur and promote metastasis \[[@CR23]\]. The loss of E-cadherin is an integral step during the EMT process and a key feature of metastatic cells. Without the tight adherent junctions which bind the tissues together, individual cells are free to migrate, a crucial requirement for cancer metastasis. The shift from cytokeratin intermediate filaments to vimentin and expression of other mesenchymal markers like snail, slug and twist suggested the occurrence of an EMT-like event in cells treated with TGF-β/CsA. The morphology of the cancer progenitor cells changes during the process of EMT. Rearrangement of the cytoskeleton is an essential feature during EMT. Expression of vimentin, which is an important constituent of the cytoskeleton, goes up in many types of cancer during EMT and in the stromal cells of several cancers \[[@CR24]\].

The adaptation for invasiveness and metastasis in cancer cells involve mechanical softening and modification in interactions with ECM. These modifications enable the cancer cells to migrate from their primary site to invade another secondary site. Young's modulus is an excellent representative of cell's elasticity/stiffness and evaluation of this modulus by atomic force microscopy offers an excellent approach to correlate the malignancy and deformity of cancer cells \[[@CR25], [@CR26]\]. A decreased Young's modulus (\< 25%) in case of EMT induced cells as compared to control cells clearly reflects a softening in EMT induced cells, an adaptation for invasion and metastasis.

It has been known that there is an intricate relationship between cell shape and function. So, a change in the cell after induction of EMT can be extrapolated to changes in cellular physiology due to interplay of genes and proteins. Cells that are characterized as invasive and metastatic are typically able to invade matrigel matrix which mimics the cell basement membrane \[[@CR27]\]. The increased migration and stronger ability to invade through matrigel further indicated that these cells of epithelial origin have acquired metastatic phenotype. The cells treated with TGF-β and CsA also showed higher colony formation signifying an increased proliferative potential compared to bulk A498 cells. We have identified several changes in both protein and mRNA expression indicative of EMT in TGF-β and CsA treated cells. The tumorispheres formation by A498 cells post CsA treatment, further confirmed that these cells have attained an EMT-like phenotype. The formation of tumorispheres in non-adherent culture is a useful functional approach to enrich the potential subpopulation of CSC. The sphere forming cells are reported to show higher proliferation and self-renewal ability \[[@CR28]\]. Self-renewal of undifferentiated stem cells is mainly regulated by octamer binding transcription factor 4 (Oct-4) protein \[[@CR29]\]. Thus, our observation of an increase in the oct4 expression in CsA treated cell further highlights the fact that these cells acquire a stem cell-like phenotype. A study by Takahashi and Yamanaka reported that kruppel-like factor 4 (KLF4) is indispensable for maintenance of stem cells \[[@CR30]\]. Fang et al. also elucidated that consistent overexpression of KLF4 led to increase in population of the cancer stem cells \[[@CR31]\]. mRNA expression of KLF4 was found to be upregulated in TGF-β/CsA treated cells. Sphere formation ability and increase in the expression of Oct-4 in CsA treated cells may account for an increase in stemness and differentiation potential of these cells.

The ability for osteogenic, hepatogenic and neural differentiation depicts the multilineage potential of EMT cells. There was significant rise in expression of each of osteogenic, hepatogenic and neural phenotype in CsA treated cells compared to control during lineage specific induction for differentiation. The ability for multilineage differentiation by EMT induced cells implies the acquisition of stem cell-like characteristics by these cells. The expression of oil red O in the control cells may be due to the fact that the clear cell RCC is reported to contain lipid droplets and histologically resemble adipocytes \[[@CR32]\].

EMT phenomenon is reported to be associated with drug resistance in many tumors. In our study, we observed higher expression of ATP-binding cassette sub-family G member 2 (ABCG2) and multidrug resistance protein 1 (MDR1) genes in CsA treated cells. In accordance to our study, Saxena et al. demonstrated that EMT transcription factors cause multidrug resistance by upregulation of ABC transporters. Furthermore, these authors reported that ABC transporters harbour many binding sites for EMT inducing transcription factors, like Snail, and FOXC2, Twist etc. which ultimately induce EMT by enhancing the activity at promoter site of ABC transporters \[[@CR33]\].

The machinery of EMT seems to be connected directly to formation and maintenance of CSCs leading to tumor metastases, drug resistance and recurrence \[[@CR34]\]. Our results suggest that a mesenchymal-like phenotype following CsA/TGF-β treatment is due to EMT. Walsh et al. have demonstrated that administration of CsA to animal model of cutaneous squamous cell carcinoma alters the phenotype to an invasive and aggressive tumor-type by enhancing EMT through the TGFβ1 signaling pathway \[[@CR35]\]. These cells behave as de-differentiated stem cells isolated from normal or neoplastic cells. Previously, Mani et al. induced EMT in human, non-tumorigenic mammary epithelial cells using TWIST or SNAIL transcription factors. They observed that EMT in breast cancer cells generated a subpopulation of cells with properties of stem cells which may be responsible for drug resistance and recurrence \[[@CR36]\]. This small subpopulation of cells within the tumor bulk was categorised as the cancer stem cells. These may serve as an in vitro platform for improving the present clinical therapy of cancer since cells become invasive and resistant to apoptosis after acquiring mesenchymal phenotype. We show that the pharmacologically induced EMT cells of A498 behave as cancer stem-like cells **(**Fig. [8](#Fig8){ref-type="fig"}). In some cases, CSCs have been identified as independent predictor of progression-free survival and overall survival \[[@CR37], [@CR38]\]. These cells may therefore serve as an in vitro platform for improving the present clinical therapy of cancer since cells become invasive and resistant to apoptosis after acquiring mesenchymal phenotype. As observed in our study, many clinical studies also detected the presence of EMT molecular markers in the CSCs. Breast cancer patients derived CSCs showed decreased expression of epithelial markers and increased mesenchymal markers \[[@CR39]--[@CR42]\]. In another study, Twist1 expression in breast cancer patients correlated with early distant relapse \[[@CR43]\]. CSCs isolated from hepatocellular carcinoma (HCC) patients with metastasis showed higher expression of Snail1 transcripts compared to patients with no metastasis \[[@CR44]\]. One caveat of the studies involving CSCs is that, the CSCs constitute a very minor fraction of the total cancer cells and hence may be missed out during isolation in vivo \[[@CR45]--[@CR47]\]. Thus, there is a need to explore the various methods to generate a CSC-like population in vitro and study the potential utility of CSCs in targeting the metastatic spread and cancer recurrence.Fig. 8Schematic representation of EMT in renal carcinoma cells: A498 cells treated with CsA/TGF-β show downregulation of epithelial markers and upregulation of mesenchymal markers. This is followed by concomitant increase in invasiveness, migration, drug resistance and expression of stem cell like phenotype. This suggests that transition from epithelial to mesenchymal phenotype leads to acquisition of cancer stem cell phenotype

Our results suggest that CsA and TGF-β induced EMT like changes may help to study the mechanisms regulating drug resistance and invasiveness. Data on patients under CsA treatment have suggested that long-term CsA may lead to an increased susceptibility to certain tumours and tumor metastasis \[[@CR48]\]. Present study endorses the view of risk of malignancy in transplant patients and provides evidence that cyclosporine can enhance cancer in renal transplant patients and can make it more aggressive. Rate of complete response in patients with metastatic RCC treated with targeted agents is very low and, better understanding of the pathogenic mechanisms of RCC brings hope for new strategies. Thus, targeting the pathways that promote EMT may lead to novel therapeutic strategies for the prevention and treatment of cancer, especially following organ transplantation.

Conclusion {#Sec21}
==========

Our study delineates the precise role of EMT in RCC carcinogenesis and metastasis. The expression profile and other biological properties suggest that EMT can be pharmacologically induced in vitro by CsA or TGF-beta and these EMT-induced cells acquire CSC-like phenotype. The results of our study support the rationale for future EMT-directed therapeutic approaches for RCC patients.

Additional file
===============

 {#Sec22}

**Additional file 1: Fig. S1.** Time dependent change in cell morphology with CsA: the A498 cells were treated with CsA for 6, 12 and 24 h and the morphological change was compared with corresponding untreated control to assess EMT. The result was confirmed by the expression of various epithelial and mesenchymal markers at the selected time and dose.
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